Moose (Alces alces) are generalist herbivores but are important aquatic-terrestrial ecotone specialists. Aquatic macrophytes are a high-quality food source for moose during summer, however the importance of aquatic food sources to moose diet is difficult to study. We used stable isotope analysis of carbon and nitrogen from moose hooves and forage (terrestrial plants, aquatic macrophytes, and arboreal lichen) to assess the diet of moose at Isle Royale National Park, Michigan, USA, using Bayesian mixing models. We also evaluated the isotopic variability along chronologies of serially sampled hooves. Overall, our mixing models indicate that 13%-27% of summer moose diet was aquatic in origin. Among moose that died during winter, body condition was impaired and hoof  15 N was higher where aquatic habitats are sparse. Although isotope chronologies preserved in hooves could significantly enhance our understanding of ungulate foraging ecology, interpretation of such chronologies is presently limited by our lack of knowledge pertaining to hoof growth rate and seasonal growth variability related to age and health. Distinct isotopic values among terrestrial plants, aquatic macrophytes, and arboreal lichens indicate that continued methodological advances in stable isotope ecology will lead to more precise estimates of the contribution of aquatic feeding to moose population dynamics and other ungulates. consequence, summer aquatic forage constitutes a high-quality alternative to terrestrial plants for moose [21] [22] [23] [24] [25] . Aquatic habitats are abundant on Isle Royale, with greater occurrence at the eastern half of the island where the retreat of glacial ice is thought to have been rapid, leaving behind deeply gouged lowlands [26] . Moose spend significant amounts of time foraging in aquatic habitats each summer June through September [27, 28] . However, how much moose use aquatic resources is difficult to assess, because macrophyte consumption is not easily observable. Furthermore, fecal analysis to determine diet underestimate the contribution of aquatic macrophytes because this forage is very digestible [29] . Based on biomass removal comparisons between exclosure plots, aquatic plants may constitute up to ~18% of the summer diet of moose on Isle Royale [30] .
Introduction
Forage quality is a significant factor determining herbivore fecundity [1] [2] [3] , juvenile growth rate and survival [2, [4] [5] [6] , and breeding phenology [7, 8] . The relative strength to which forage quality affects life-history traits and population dynamics depends, in part, upon landscape-level heterogeneity in resource quality [9] [10] [11] . Terrestrial systems are frequently nitrogen (N)-limited, which has stimulated behavioral (e.g., aggregation) and morphological (e.g., rumination) adaptations to resource acquisition by herbivores [12] .
Moose (Alces alces) are large-bodied ruminant herbivores that are morphologically adapted to occupy circumpolar terrestrial landscapes. These landscapes are characterized by short growing seasons and high seasonal variability in forage quality [13] . Additionally, moose are uniquely adapted to take advantage of aquatic resources during the short growing season [14] . Despite their ability to forage aquatically during summer, in winter moose energy balance may become negative because winter forage N content decreases below what is required for maintenance [15] . At Isle Royale National Park, Michigan, USA, winter starvation is the second leading cause of mortality (wolves are the primary mortality factor for moose [16] ). For moose in this island system, studies have emphasized energetic limitations imposed by winter forage (e.g., balsam fir [Abies balsamea] availability [16] [17] [18] ). Yet, fat reserves generated during the summer might be associated with winter survival [12, 19, 20] .
The lakes and wetlands of Isle Royale contain aquatic macrophytes that are low in carbon [C] :N, are highly digestibile, and have rich mineral content, especially sodium and calcium. As a It is possible if an ice bridge forms between Isle Royale and the continental mainland, however this is increasingly rare. Even when an ice bridge has formed, moose departure from the mainland is undocumented.
Twigs from other woody vascular plants and arboreal lichens compose the remainder [60] . The spring diet of moose includes newly emergent leaves and the summer diet is largely composed of current annual leaf growth of deciduous plants as well as aquatic macrophytes [61, 62] . Forests on the western end are in a late successional stage and dominated by deciduous species, while forests on the eastern end are younger and conifer-dominated [63] .
Sample collection
Moose forage. The forage types comprising the summer (terrestrial plant leaves and aquatic macrophytes) and winter (terrestrial plant twigs and arboreal lichens) diets of moose on Isle Royale were sampled at east and western ends of the island (hereafter E and W, respectively). Summer and winter sample collection sites differed, but covered the same regions of the island. The terrestrial forage species we sampled emulated those most preferred by direct observation of radio-collared moose (n = 22) on the western end of the island in the late 1980s [60, 62] . East and W sampling sites were delineated by the boundary of the 1936 and 1948 forest fires (Figure 1 ), leaving the central portion of the island unsampled. Summer forage samples were collected during a two-week interval (13 July to 3 August) in 2002 to minimize the influence of plant phenology on isotope values and to ensure all samples were mature (as opposed to emergent or senescent). Samples from six terrestrial species composing the principle summer diet of moose on Isle Royale: mountain maple (Acer spicatum), sugar maple (A. saccharum), mountain ash (Sorbus decora), paper birch (Betula papyrifera), yellow birch (B. alleghaniensis), and beaked hazelnut (Corylus cornuta) [62] were collected from 5-13 E and 5-12 W sites, with each site separated by >200m. At each site, five green leaves of each species (including the petiole and excluding twigs) were collected at browse level from separate, but neighboring stems of the same individual plant and pooled for analysis.
Since aquatic species preferences of moose at Isle Royale are unknown [62] , dominant submergent and floating-leaved aquatic macrophyte species were opportunistically collected along shoreline locations known to be used by moose at 3 E and 3 W sites (lakes). We collected aquatic macrophytes from the genera Brasenia, Callitriche, Carex, Chara, Dulichium, Eliocharis, Elodea, Equisetum, Eupatorium, Isoetes, Juncus, Lemna, Lysimachia, Megalodonta, Menyanthes, Myriophyllum, Najas, Nuphar, Potamogeton, Ranunculus, Sagittaria, Scrirpus, Sclerolepis, Sparganium, Utricularia, Vallisneria, and families Asteraceae, Characeae, and Poaceae. At each site, 5 subsamples of each species present were collected (where available) and pooled for analysis. Since moose are not known to discriminate among aquatic macrophyte parts (e.g., rhizome, stem, flower), attempts were made to collect the entire plant, excluding only large and well-rooted rhizomes. To minimize the collection of benthic sediment, samples were rinsed in lake water to remove loose debris prior to placing in plastic sample bags. Due to the paucity of inland lakes on the western end of the island, all 3 W sample sites were bays of Lake Superior, whereas only 1 E site was on Lake Superior. To reduce the potential effect of sampling in Lake Superior, aquatic macrophyte sampling was expanded in 2003 (6-18 July) to 5 E and 5 W inland aquatic sites, where W sites included lakes, small ponds, or wetland habitats containing open water.
Winter forage samples were collected at each of 7 E and 7 W sites between 12 January and 10 February 2003. All sampling sites were  200 m apart. At each site, 5 twigs (current annual growth) were collected from adjacent stems of individual plants from balsam fir, white cedar (Thuja occidentalis), mountain ash, red-osier dogwood (Cornus stolonifera), paper birch, and quaking aspen (Populus tremuloides). Twigs were clipped at the average diameter for each species eaten by moose in winter [60] . At each site, arboreal lichens of the genera Usnea and Parmelias were collected from the branches/bark of standing or newly fallen white spruce (Picea glauca) and paper birch. To minimize sample degradation, all forage samples were kept cool until frozen (≤12 hours of collection) and remained frozen until sample analysis.
Moose hooves and bone marrow. Moose hooves (n = 38) were collected from adult moose carcasses at the E and W ends of Isle Royale during 2002 and 2003. Date, location, age, sex, and cause of death were all noted, and samples were stored frozen until analysis. Age was obtained by counting annual cementum layers in teeth [64] . Femurs from moose that died in winter were collected between January and February 2003 and kept frozen. We determined bone marrow fat content (percent dry weight) in a 1-2 g sample of femur bone marrow [65] .
Physical and chemical sample pretreatment and measurement
Plant and lichen tissues were dried at 60 C for 48 hours and ground to a fine powder in a ball mill grinder (SPEC Certiprep 8000M). Hooves were vigorously cleaned with deionized water followed by ethyl alcohol, and 5-10 mg of powder was shaved from the desired sampling location using a high-speed Dremel™ rotary tool following the methods of Kielland (2001) . Hooves from known summer and winter moose mortalities from E and W locations were sampled 0.5 cm from the hairline (hereafter referred to as 'hairline' sample) to test inferences regarding spatial (E/W) and seasonal (summer/winter) differences in moose isotope signatures. A subset of 13 of the 38 hooves from adult female moose collected at the eastern end of the island were additionally subsampled in 0.5-cm intervals from the hairline to the hoof tip to investigate seasonal changes in diet among individuals ( Figure 2 ). We chose to focus on only adult females from the eastern end of the island for two reasons: 1) adult females are the most important part of the population study for demographic reasons, and 2) we wanted to minimize the introduction of potential variability in results associated with age, sex, and location differences. For a single animal, adjacent hoof digits were incrementally sampled to examine intra-animal isotope variability. All samples were stored in a desiccator until analysis. Subsamples of ground plants and lichens (C: 1.5 ± 0.1 mg, N: 3.0 ± 0.1 mg), and hooves (0.8 ± 0.1 mg) were weighed into tin cups and combusted using a Costech Elemental Combustion System 4010 connected to a ThermoFinnigan ConfloIII Interface and a Deltaplus Continuous Flow-Stable Isotope Ratio Mass Spectrometer in the Ecosystem Science Center at Michigan Technological University. Four IAEA (IAEA-CH-6, IAEA-N1, IAEA-N2 ), USGS (USGS24, USGS25, USGS26), and NIST certified (limestone) standards for each isotope were analyzed at the beginning of each sample run and one at the end of each sample run to check for stability of the calibration. An in-house standard of fisher liver (δ 13 C = −23.60 ± SD 0.10 ‰; n = 5, δ 15 N = 8.86 ± SD 0.23 ‰; n = 50) was analyzed every 10-20 samples. The stable isotope ratios (R) of carbon ( 13 C/ 12 C) and nitrogen ( 15 N/ 14 N) are expressed in delta (δ) notation and reported in parts per thousand (‰) relative to the international standards for C (VPDB; Vienna Pee Dee Belemnite limestone) and N (N2 atmospheric air):
Analytical precision, based on the repeated analyses of 50 standard samples (fisher liver), was ± 0.25 ‰ for  13 C and ± 0.5 ‰ for  15 N. Every fifth sample was analyzed in duplicate and results were accepted if the variance between duplicates was less than that of the standards. Subsamples from hoof chronologies were analyzed in random fashion such that patterns observed could not be attributed to instrument drift.
Moose hooves
Hoof growth rate has not been measured in moose, but the average annual hoof growth rate of captive Alaskan caribou (Rangifer tarandus) was 7.8 cm/year with seasonal fluctuations between 0.3 cm/month (December-March) and 1.4 cm/month (September) [66] . Another method of ascertaining growth rate in animals is through analysis of growth arrest lines (GAL), or multiple grooved bands that are laid down in mineralized tissue during incremental growth periods. Annual GALs form as a result of endogenous (e.g., hormones) and exogenous (e.g., diet, photoperiod) influences and are usually laid down during winter in temperate climates [67] . Slowed or arrested growth rate in hooves may result from extreme malnutrition [68] . We have observed (unpubl. data) that GALs are generally not found in young moose that are likely to be in good body condition, but they are common in old moose that were killed by wolves or died of malnutrition.
We determined the position of summer and winter growth along hoof chronologies according to the mean summer and winter isotope signatures in hairline samples. Hairline samples did not differ between moose that died during the summer vs. the winter (see Results), so we employed two approaches to infer annual growth cycles from hoof isotope chronologies. First, we approximated the time interval represented in hooves from moose whose date of death was known ( 14 d), assuming hoof growth rate in moose can be modeled by that of captive caribou. Monthly growth rates in caribou, adjusted for mean differences in hoof length between caribou (6.0 cm [66] ) and moose (10.6 cm; this study), were summed from the date of death over the length of each hoof to arrive at estimated annual hoof growth rate in moose. Second, we evaluated if seasonal growth could be inferred relative to the location of GALs, assuming that GALs were laid down only during the winter. We predicted that if GALs were a good indicator of seasonal changes in diet and seasonal growth could be obtained using caribou hoof growth rates, then GALs would occur within the caribouderived zone of winter (~November-April) growth, and not in the zone of summer (~May-October) growth.
Data analysis
Moose forage. Since stable isotope data frequently violate the assumptions of parametric statistical tests and sample size among factor levels is often small and unbalanced, multivariate statistical tests based on permutation have been recommended for analysis of bivariate isotope responses [69] . Our forage data produced no exceptions to these norms. Thus, we chose to use both parametric multivariate analysis of variance (MANOVA) and nonparametric distance-based multivariate analysis for a linear model (DISTLM [70] ) to analyze moose forage data. DISTLM is an appropriate comparative nonparametric test as it accommodates both multi-factorial and unbalanced designs [70, 71] and is based on permutation of a distance matrix, in this case using Euclidean distance. Both MANOVA (using Pillai's trace statistic) and DISTLM were employed to test the main effects of forage type (summer terrestrial, summer aquatic, winter terrestrial, winter lichen) and location (E, W) on  15 N and  13 C in a two-factor orthogonal design including an interaction term. Since the species collected among forage types were based upon seasonal moose preference (summer and winter terrestrial) or availability (summer aquatic, lichen), species were not comparable across forage types. For this reason, the effects of species and location were examined using separate models for summer and winter samples. Where MANOVA and DISTLM produced significant (α = 0.05) results, between-group differences were tested with multiple pairwise comparisons using MANOVA, and P values were adjusted for Type I family-wise error rate using the Bonferroni inequality method, a conservative adjustment [72] . We additionally tested single isotope between-group differences using the Kruskal-Wallis test to report where significance may have occurred in only one isotope.
Moose hooves and bone marrow. Because we were interested in the univariate effects of location and season on moose isotope values measured at the hoof hairline, and these data did not violate the assumptions of parametric statistical tests, we used separate single-factor ANOVA models to test the main effect of location (E, W) on hairline hoof  13 C and  15 N from adult moose that died during the summer and the winter. We used a one-tailed t-test to test the hypothesis that winter moose mortalities from the eastern end would have a higher content of bone marrow fat than moose from the western end.
All statistical analyses were conducted using SPSS (SPSS, Inc. 2003).
Diet estimation
We used Bayesian mixing models (MixSIAR) [47, 58, 73] to estimate the proportional contribution of forage types to the diet of moose, with the Markov Chain Monte Carlo (MCMC) chain length set to 1000,000 with a burn-in of 50,000, a thinning interval of 50, and 3 chains. We used uninformative (generalist) priors and used Gelman-Rubin and Geweke diagnostics to check model convergence.
Since trophic discrimination factors have not been determined for captively reared moose, we used the mean published diet-keratin (e.g., horn, hair) trophic discrimination factors for other large mammalian herbivores (cattle, African ungulates, bighorn sheep [Ovis canadensis], alpaca [Lama guanicoe], llama [L. glama], goat, horse; Δ 13 C = 3.0‰, Δ 15 N = 2.7‰) [56, [74] [75] [76] [77] . However, several of the published estimates for Δ 13 C are based on a high protein diet (19% crude protein; [74] ). On a low protein diet (as in moose), Δ 13 C is considerably reduced (Sponheimer, pers. comm.), but the degree to which this occurs has not been published. For this reason, we additionally report estimates of moose diet using the lowest reported large mammal Δ 13 C (1.8‰;) [75] , where the diet was a lower protein C3 grass (~13% crude protein).
If we observed sufficient isotopic distinction among forage types, moose diets were estimated by season and location for corresponding mean summer and winter hairline isotope values for each isotope using two-source mixing models [47] . We used mean and standard deviations of source clusters in mixing models.
Results

Moose forage
All forage types, except summer and winter terrestrial plants, had significantly different mean stable isotope values, with agreement between MANOVA (F6, 490 = 88.59, P < 0.0001) and DISTLM (F3, 245 = 92.51, P = 0.0001). Summer and winter terrestrial samples were subsequently pooled as "terrestrial plants" in mixing models which incorporated both summer and winter food sources (i.e., 3-source models; Figure 3 ). Aquatic macrophytes were significantly higher and lichens were significantly lower in δ 15 N relative to terrestrial plants (Kruskal-Wallis: χ 2 = 133.90, df = 7, P < 0.0001), and both aquatic macrophytes and lichens were higher in δ 13 C than terrestrial plants (Kruskal-Wallis: χ 2 = 151.68, df = 7, P < 0.0001). The variance among aquatic macrophyte δ 13 C was up to 50-fold greater than that of other forage types, a severe violation of both parametric and nonparametric assumptions, however, visual inspection of these data suggests that differences found between forage groups are real. Location was not a significant factor using either MANOVA (F2, 244 = 0.04, P = 0.961) or DISTML (F1, 245 = 2.15, P = 0.122). However, when within-group effects of location were tested, both summer (Kruskal-Wallis: χ 2 = 10.74, df = 1, P = 0.001) and winter (Kruskal-Wallis: χ 2 = 14.81, df = 1, P < 0.0001) terrestrial plants were significantly lower in δ 13 C and winter terrestrial plants were significantly higher in δ 15 N on the western end of the island (Kruskal-Wallis: χ 2 = 16.04, df = 1, P < 0.0001), while location did not explain a significant portion of isotope variation for either aquatic macrophytes or lichens. A significant interaction between location and forage type (MANOVA, F6, 490 = 5.90, P < 0.0001; DISTLM, F3, 245 = 4.29, P = 0.002) can be explained by a pattern of western end exhibiting lower δ 13 C values in one or both isotopes for terrestrial plants and lichens while aquatic macrophytes showed the opposite pattern.
Both species (MANOVA: F10, 106 = 4.26, P < 0.0001) and location (MANOVA: F2, 52 = 5.22, P = 0.009) were significant factors explaining δ 13 C and δ 15 N variation in summer terrestrial plants, a result also obtained using DISTLM (species: F5, 48 = 7.06, P = 0.0001; location: F1, 48 = 5.87, P = 0.009). However, no within-group pairwise differences were found among species, so species were pooled as "summer terrestrial plants" for summer diet estimation (2-source). Samples from the western end were significantly lower in δ 13 C than eastern end samples (Kruskal-Wallis: χ 2 = 10.74, df = 1, P = 0.001), but location did not have a significant effect on δ 15 N (Kruskal-Wallis: χ 2 = 1.13, df = 1, P = 0.228).
The isotope composition of winter terrestrial plants differed both by species (MANOVA: F12, 74 = 7.80, P < 0.0001; DISTLM: F6, 81 = 7.32, P = 0.0001) and location (MANOVA: F2, 86 = 24.32, P < 0.0001; DISTLM: F6, 81 = 26.83, P = 0.0001). Among species, the isotope signature of white cedar was significantly different than all other species except quaking aspen, and balsam fir was significantly different from red-osier dogwood on the western end of the island. Despite these differences, no terrestrial species were partitioned into distinct isotopic groups and were subsequently pooled as "winter terrestrial plants" for winter diet estimation (2-source). With respect to location, samples from the western end were lower in δ 13 C and higher in δ 15 N in comparison to the eastern end of the island, but spatial differences were only significant for balsam fir. differences were not significant (F1, 28 = 3.41, P = 0.075). Hoof δ 15 N for winter moose mortalities did not differ between moose with low (<70%) and high (>70%) bone marrow fat contents at the time of death (F1,7 = 2.42, P = 0.164). Since some moose δ 15 N variability could be attributable to sex (e.g., higher levels due to lactation by females or sex-specific fasting periods), and our sample of moose hooves was imbalanced with respect to sex, a term for sex was added to the model a posteriori. The model including both location (E/W) and sex was borderline significant (F2,26 = 3.25, P = 0.055), even though sex itself was not a significant factor in the model (P = 0.092), and inclusion of an interaction term improved the significance of the test for both location (F1,25 = 3.067, P = 0.026) and sex (F1,25 = 2.226, P = 0.054). The interaction term in this model was not significant (F1,25 = 1.726, P = 0.201). Neither location nor sex was a significant factor in explaining δ 13 C variability in hairline samples of winter moose mortalities (F2, 27 = 0.73, P = 0.541). Moose that died on the western end had lower bone marrow fat content ( x = 51.8%) than moose on the eastern end ( x = 73.0%), but the difference was not significant and the sample size was small (t0.05, 8 = 1.86, P = 0.094).
Moose hooves and bone marrow
Chronology
Each hoof chronology (n = 13) consisted of 14 to 21 subsamples, depending upon hoof length (range: 9.1-12.7 cm) and condition ( Table 1 ). The mean isotope difference between sample replicates from adjacent hooves from a single adult female was 0.04‰ for δ 13 C and 0.29‰ for δ 15 N, both within measurement precision (Figure 4) . A qualitative inspection of isotopic variability along hooves suggested that δ 13 C variability was cyclic, oscillating between −26.3‰ and −23.2‰ with an average amplitude of 1.4‰ (range: 0.7-2.8‰) and a period of approximately 4.0 cm (Figure 5 a,c,e ). δ 15 N ranged 0.6-2.2‰ ( x = 1.2‰) along hooves, but no visual pattern of variability was evident ( Figure 5 b,d,f). There were no apparent differences in cycle state between hooves collected during summer and winter ( Figure 5 c-f ). If this pattern were indicative of seasonal cycles, each hoof would then represent 2 to 3 years of growth.
Since isotope values measured at the hoof hairline did not differ between summer and winter mortalities, we could not reliably determine the position of summer and winter growth along the length of individual hooves in this way. However, when extrapolated from the growth rate of caribou hooves [66] , the estimated annual growth rate of moose hooves was 13.7 cm/year, suggesting that individual hooves represent only a 7-to 9-month record of diet ( Figure 6 ). Using this growth rate, a time series was reconstructed for only the 6 (of 13) hoof chronologies for which a precise date of death (14 d) was known. There was no consistent relationship between δ 13 C and δ 15 N along timescaled hoof chronologies ( Figure 6 ). Nine of the 13 hooves, including all 6 that were scaled to the growth rate of caribou, showed GALs (n < 3), and the average distance between lines on a single hoof was 3.5 cm. GALs on hooves that were scaled to an annual cycle were positioned between August and October ( Figure 6 ).
Diet estimation
Overall, hairline samples indicated moose diets were 88.5 ± 2.1% (mean ± SD) terrestrial vegetation, 10.7 ± 2.1% aquatic macrophytes, and 0.8 ± 0.8% arboreal lichens. Due to the small sample size of hooves obtained from summer mortalities at each end of the island (neast = 5, nwest = 2), we could not evaluate our hypothesis that the estimated contribution of aquatic macrophytes to the summer diet of moose would differ spatially. When summer hairline isotope data were pooled with respect to location, the estimated contribution of aquatic macrophytes to the summer diet of moose was 13.2 ± 3.3% (mean ± SD; Table 2 ). Lichens contributed more to the winter moose diet on the western end (3.7 ± 0.5%) than the eastern end (0.01 ± 0.005%) of the island ( Table 2) . Reducing Δ 13 C from 3.0‰ to 1.8‰ to account for a low protein diet increased the proportional contribution of aquatic macrophytes and lichens to the summer and winter diets of moose by up to 14% and 25%, respectively ( Table 2) .
The position of GALs often preceded a peak in δ 13 C values ( Figure 6 ). If GALs are indeed laid down in winter, we may assume the peak represents summer growth following arrested winter growth. If we then assume that apparent cycles in δ 13 C values represent seasonal variation and peaks and troughs represent summer and winter diets, respectively (see Discussion), then dietary estimations from our models were 74-79% terrestrial plants, 17-18% aquatic macrophytes, and 5-8% lichens for winter diets and 92-96% terrestrial plants, 3-6% aquatic macrophytes, and 1-2% lichens for summer diets. The range of values represents winter and summer mortalities. Five of 7 winter mortalities were wolf-kills, the other 2 were unknown cause and probable starvation. The summer mortalities were a combination of wolf-kills, disease, and starvation. 
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Discussion
Spatial differences in δ 15 N observed in the hooves from winter moose mortalities followed a pattern that has been previously observed at the western end on the island. Namely, δ 15 N enrichment was observed in teeth [78] and urine (Bada et al. unpubl. data) from moose at Isle Royale. This may be due to spatial distinctions in edaphic and geological features [26] , disturbance legacies (e.g., fire, herbivory [17, 79] ), vegetation [59, 63] , and moose nutritional status [80] . Moose diets also differ by region of the island [81] . Due to a limited sample size, our data did not permit a test of the prediction that stable isotope ratios derived from moose occupying the eastern end of the island would reflect increased aquatic habitat availability. It is also possible that differences in balsam fir abundance on the eastern end of the island contribute to spatial δ 15 N differences in moose [82] . No significant difference in  15 N was detected among winter forage species. Both winter and summer terrestrial plants were lower in  13 C on the western end, but the effect of location on  15 N was only significant during the winter for balsam fir. When examined by location, winter forage isotope mixture values suggest that moose  15 N differences may be a result of spatial  15 N differences among forage species rather than increased physiological enrichment. However,  13 C was also lower on the western end, which was a pattern not revealed in moose hairline data. In areas with dramatic spatial variation in underlaying isotopic signatures, food webs and dietary studies can be influenced [83, 84] .
Mixing model results indicate that between 13% and 27% of summer moose diet may be from aquatic sources (depending on the trophic shift or fractionation used). This aquatic diet fraction is comparable to a previous estimate of 18% aquatic plants in moose diet [30] . It is important to highlight that aquatic macrophytes contribute disproportionately to N assimilated by moose because of the high protein content of aquatic macrophytes [22] . Our hypothesis that increased aquatic feeding habitat on the eastern end of the island results in moose in better winter body condition requires an increase in sample size to be tested robustly. Furthermore, cover of watershield (Brasenia schreberi), a previously abundant aquatic macrophyte, has recently been reduced in many of Isle Royale's wetlands during periods of high beaver and moose density that coincided with low wolf abundance [85] . Indeed, beaver diets include high amounts of aquatic vegetation [54, 55, 86] , potentially leading to competition between moose and beaver.
Lichens in moose diet was considered negligible in all models except the low protein trophic discrimination factor model, which estimated that 28% of moose winter diet on the western end of the island is composed of lichens. Given our observations in the field, it is unlikely that an important food source was omitted from this analysis, however lichen may not be an important food source [81] . Fractionation of  15 N in addition to trophic shift can occur as a result of diet quality [87, 88] and starvation [43, 89, 90] , contributing to variation in isotopic values among individual moose. Diet estimates based on stable isotopes are also improved when food source isotope values exhibit low variability [44] . Aquatic macrophyte  13 C among our samples was quite variable, which has also been observed elsewhere both among and within species groups [86, 91] . This is partly attributable to various sources of inorganic C used by freshwater autotrophs [92] .
Overall, our data indicate that aquatic macrophytes constitute an ecologically meaningful portion of moose diet during summer. Continued advances in the field of stable isotope ecology can capitalize on the isotopic differences detected for aquatic macrophytes and lichens and thereby improve our understanding of moose foraging ecology at finer scales [93] . We also recommend future studies focus on spatial pattern variability of stable isotopes for Isle Royale moose, ideally sampling a tissue whose rate of growth has been well-studied (e.g., hair, antlers).
It would be promising to examine the relative influence of aquatic plant abundance as a seasonal pulse in forage quality and how it may affect spatial differences in population parameters. This line of inquiry may contribute to our understanding of moose population dynamics on Isle Royale. In this system, balsam fir abundance and climate explained more interannual variability in the moose population than did predation [82] . Still, even more than half the overall variability in moose population numbers remains unexplained [82] . Exploration of methods and techniques to estimate aquatic forage available to moose would be a significant contribution to population models. Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 October 2019 doi:10.20944/preprints201910.0142.v1
If hoof isotope chronologies reflect aquatic feeding, as expected, then hoof analysis should reveal cyclic patterns of higher levels in both  13 C and  15 N over the baseline signature for terrestrial plants during summer [52] . The amplitude of higher levels should also increase as the contribution of aquatics to the overall diet increases. Departures in the range of variation in consumer isotope chronologies from baseline variation have been shown to be suitable gauges of seasonal shifts in diet [49] . The isotope variation we measured along moose hooves was within that found among baseline terrestrial plant isotope values, which suggests that seasonal fluctuations in moose diet at Isle Royale are possibly small enough to avert clear detection in the hoof chronology. To be clear, this does not indicate that aquatic macrophytes in moose diet is less important or insignificant, but rather that the terrestrial fraction of moose diet exhibits low isotopic variability between seasons.
It is clear that tissue isotope chronologies can be valuable to reconstruct seasonal changes in animal diet and this approach has enhanced our understanding of foraging ecology. However, interpretation of isotope chronologies derived from moose hooves is presently limited by a limited understanding of hoof growth rates and how they may vary with season, age, and health. Locating the seasonal growth along hooves was unreliable and resulted in ecologically implausible dietary estimates (e.g., more aquatic macrophytes in winter diets when unavailable). The location of GALs did not match the position of winter growth for moose hooves as scaled to caribou hoof growth rates. Hence, the growth rate of caribou hooves may not be an appropriate model for moose or GALs may have been formed in response to physiological events not in winter. We considered caribou because of their similarity in residing in extremely fluctuating seasonal environments. We were still cautious regarding the use of captive animals, but presumed caribou would be as close a proxy as available. Even if moose hoof growth dynamics were determined, then application to wild populations may still be limited where seasonal changes in diet are accompanied by significant changes in forage quality [22] and associated body condition. In such a scenario, tissue growth can slow significantly or completely stop due to nutritional stress (i.e., during winter; [68] ). Also, our sampling of hooves at 0.5-cm increments could have missed obtaining samples from GALs and winter diets if growth is extremely arrested during winter.
Lastly, the value of traditional techniques for studying the foraging ecology of moose through direct observation of known individuals should not be underestimated.
Though aquatic macrophyte intake is a challenge to quantify with direct observation, this approach enables the study of spatial variability in foraging habitat and seasonal movements to be linked to fecundity, body condition, and cause-specific mortality for individuals.
